can cause wind speeds equivalent to a category EF3 tornado (~150mph). The complex flow field 7 which they produce has previously been the subject of time-expensive numerical modelling. 8
However, it is well-known that there is a large, random variation in full-scale downbursts and so 9 a quick, easily varied model would be of benefit to engineers calculating dynamic loading on 10 structures. This paper introduces a simple and computationally inexpensive vortex model of a 11 downburst, which is shown to model the main features of the flow field in a physically simulated 12 thunderstorm downburst to an appropriate degree of accuracy. 13 KEYWORDS: Transient winds, numerical model, vortex, thunderstorm, downburst. 14 15 1 INTRODUCTION 16 A thunderstorm downburst is a transient, highly localised extreme wind event which can 17 cause wind speeds of 150mph, equivalent to a category EF3 tornado ( [1] ). These events are 18 created by the cooling of (and precipitation within) warm, moist, rising air in a convective 19 thunderstorm cell, which then reverses direction to form a downdraft which impinges on the 20 ground. A primary ring vortex forms around the downdraft, and is carried radially outwards with 21 the outflow from the impingement point. The superposition of the outflow and vortex flow fields 22 creates a region of very high wind speed. Numerical simulations also indicate the development 23 of a smaller, secondary vortex at the base of the primary ([2], [3] ), caused by the interaction of 24 the flow and ground roughness. The combination of these flow elements results in a flow field 25 which is very different from that seen in atmospheric boundary layer (ABL) flows. Unlike ABL 26 winds, which for the purposes of design are regarded as statistically stationary over a number of 27 hours and uniform over tens of kilometres, downbursts typically have a lifetime of only a few 28 minutes and a downdraft radius of approximately 1 -2km, with a non-stationary time-series The 29 vertical distribution of radial wind-speed typically has a peak maximum ( , the spatio-temporal 30 maximum over the whole flow field) close to the ground, at a height ( ) of 30 -100m at full-31 scale. These features are illustrated for the physically simulated downburst which is the subject 32 of this paper in Figure 1 . This superposition is a technique applied in (inviscid) potential flow models, as is the use of 122 mirrored vortices ( Figure 2 ) to ensure that the condition of zero flow across the ground plane is 123 met. The mirroring of the vortices also accelerates the radial flow close to the boundary, as 124 required by continuity to reflect the contraction of the flow field by the ground plane. The 125 inviscid model also means that there is no "no-slip" condition at the ground plane; however, at 126 present the variation of velocity very close to the ground (i.e., the boundary layer) remains an 127 open point. Thus, vertical velocity profiles and been plotted for the above ground region ( / > 128 0.01). Radial motion of the vortices is governed purely by the outflow velocity (a model 129 parameter; vertical motion is a separate model parameter, as discussed later). This outflow 130 velocity is modelled as linearly increasing (more details are given in Section 3.2). In standard 131 potential flow theory, the flow is assumed to be inviscid, leading to vortices with a singularity at 132 the centre. In this model, each vortex is an independent (viscous) Rankine-type vortex. For a 133 circular Rankine vortex with a core of radius and circulation Γ, the tangential wind speed at a 134 radial distance from the centre, ( ), is given by: 135 
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The vortex model outlined in this paper, includes parameters to govern the initial size, shape, 179 position and strength of each vortex, and also the rate of change of these parameters. For the 180 secondary vortex, a "half-life" can be configured, such that the magnitude of the vortex increases 181 up to the half-life, following which the vortex weakens. The full list of parameters is given in 182 Table 1 . 183
The evolution of the vortices from circular to elliptical has been incorporated in the model 184 through specifying the rate of change of the length of the ellipse axes, one of which is parallel to 185 the -axis and the other parallel to the -axis. The circumference of the vortex core is thus 186 defined by: 187 where ( ) and ( ) are the lengths of the principal axes, which vary with time, .
( ) 188 is then calculated using a modified version of (2) such that is the distance along the line 189 joining the centre of the ellipse and the point at which the velocity is calculated, and is the 190 ellipse radius along that line (Figure 3 ). 191 192 
219
Note that these assumptions were only applied for the evaluation of the best fit, and not for 220 the parametric variation presented in Section 4.2. 221
Configurations for which the peak maximum velocity did not occur at / = 1.50 and 222 0.01 ≤ / ≤ 0.04 (as seen in the UoB data), or for which the peak maximum velocity was 223 more than ±0.1 / from the experimental value were discarded. For the acceptable 224 configurations, "Best Fit" was evaluated using the root mean square (RMS) difference between 225 the UoB experimental data and the model output. The data used for this calculation included the 226 vertical profiles of local maximum radial velocity at / = 1.00, 1.25, 1.50 and 1.75, and also 227 the velocity time-series at the position of maximum radial velocity. The vertical profile at 228 / = 2.00 and 2.50 were not used for reasons discussed below. (Figure 4) , and the time-series calculated at the position of global maximum 242 radial velocity ( Figure 5 ). For / ≤ 1.75 the experimental data are modelled well by the Best 243
Fit profiles -with the exception of the / = 1.50 profile at / = 0.01 data (discussed 244 below) and isolated points above / = 0.15 (equivalent to 800m full-scale), all data fall 245 within envelope of individual run values. As the secondary vortex strengthens the "nose" of the 246 typical downburst vertical profile becomes evident. Beyond this position, the vortices decay 247 rapidly in the physical simulations, a decay not accurately modelled by the vortex model (Figure  248 4, bottom subplots) for this reason, these vertical sections were not used for the best fit 249 calculation outlined in Section 3.2). Another difference is in the vertical spread of the "nose", 250 which spans the lowest three data points in the UoB-TWS data. The vortex model creates a sharp 251 nose where the outflow velocities from the two Rankine-type vortices combine; each vortex will 252 have a clearly defined radius of maximum tangential velocity, resulting in this sharply defined, 253 high-speed region. It is possible that the interaction of the primary and secondary vortices is 254 distorting the flow field in this region, making the Rankine-type model inappropriate. 255 Notwithstanding these differences, the vortex model is shown to give a good representation of 256 the flow field over the main region of interest, from the edge of the downdraft to the radius of 257 maximum velocity and slightly beyond. 267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299 
Parametric Study 327
In order to assess the importance of the secondary vortex, the model was run using the 328 primary vortex parameters from the Best Fit configuration but no secondary vortex. The model 329 was also run to determine the best fit achievable with no secondary vortex. In the former case, 330 the maximum radial velocity is approximately 11% lower (17.2 / rather than 19.3 / ), and 331 the acceleration is reduced ( Figure 5 ). In the latter case, the velocity time-series at / = 1.50 332 is negligibly different from the Best Fit series. However, examination of the vertical distributions 333 of the radial velocity component ( Figure 6 and Figure 4) does not change the relative positions of the primary and secondary vortices, nor does it change 378 the relative rate of change of the two circulations (due to the assumption made in section 3.2), 379 thus the position of the peak maximum radial velocity is unchanged by changing the initial 380 circulation. The rate of change of primary circulation has a smaller effect (9% change in for 381 a 25% parameter change), and the variation is inversely, linearly proportional (Figure 8) 
414
The initial secondary circulation is zero, as required by the hypothesised method of its 415 formation, and so its variation has not been considered. Further, realistically sized variations of 416 the rate of change of secondary vortex circulation have negligible effect on or . The 417 impact of varying the half-life of the secondary vortex is more complex. With a shorter half-life, 418 the secondary vortex reaches its maximum circulation more quickly. Consequently, the primary 419 vortex has a greater circulation at this instant, and (with the rate of change of the secondary 420 vortex radii being positive) the secondary vortex is smaller than at later times, resulting in a 421 higher velocity for the same circulation. This latter point is, arguably, an artefact of the model 422 rather than necessarily representative of the physical system. The result of this is an increase in 423 as the half-life decreases, and the maximum velocity at / = 1.50 occurring earlier 424 (Figure 9 ). This change in is non-linear due to the complex relationship between and the 425 instantaneous strengths of both vortices -an increase of the same percentage results in a larger 426 magnitude change than the corresponding decrease ( Figure 9 ). The time of occurrence, and 427 therefore radial location, of is also dependent on the half-life; for a 25% increase in the half-428 life occurs at / = 1.00, while for a 25% decrease it remains at / = 1.50 (not shown 
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Increasing the initial x-radius of the primary vortex increases the width of the time-series peak 449 ( Figure 10 ). On first inspection, this may appear to give opportunity to further refine the model 450 output, due to the Best Fit peak being narrower than shown in the experimental data ( Figure 5 ). 451
However, the broadening of the peak around the time of maximum velocity is limited, and the 452 additional size of the vortex also increases the initial velocity at / = 1.50, reducing the 453 acceleration phase of the outflow. Due to possible overshoot effects, modelling this acceleration 454 phase is arguably more important than widening the peak to match the plateau in the 455 experimental data. 456
Moving the starting x-position of the primary vortex (which is, by assumption (Section 3.2), 457
with the rear edge of the vortex at the edge of the downdraft region) towards the centre of the 458 downdraft is physically unrealistic. Conversely, it is conceivable that the primary vortex will 459 start a distance away from the downdraft edge, with the downdraft almost certainly not being a 460 perfect circle as is generally assumed. Due to the design of the model, such a variation would 461 only have the effect of shifting , the radial position of , by an equivalent amount and so 462 this will not be discussed further. Of more interest is the starting position of the secondary 463 vortex, as this will be determined by the precise mechanism of its formation and, likely, the 464 roughness of the ground the downburst forms over. Variation of this parameter shows a decrease 465 in the maximum velocity at / = 1.50 (Figure 11) 
548

CONCLUSIONS 549
In this paper, we have outlined a simple, analytical model which is shown to appropriately 550 capture the main features of a thunderstorm downburst outflow. Both the primary and secondary 551 vortices associated with downburst flows are modelled. A parametric analysis shows that the 552 maximum wind speed, , varies linearly with initial primary circulation, and has an inverse, 553 linear relationship with rate of decay of the primary vortex. The half-life of the secondary vortex, 554 which forms and then decays once the primary vortex starts to move outwards from the 555 downdraft impingement point, has a more complex, inverse, non-linear relationship with , 556
and also affects the time at which occurs; the relationship between the initial position of the 557 secondary vortex and is more complex still. The shape of the downburst "nose" is shown to 558 be dependent on the vertical separation of the primary and secondary vortices, modelled in the 559 parametric study as a variation of the primary vortex height or vertical starting position. 560
It is acknowledged that a number of simplifying assumptions have been made along the 561 way. For example: 562  The rates of change of vortex parameters such as dimensions and circulation have 563 been assumed constant, which leads to discrepancies between the model output and 564 experimental data during the latter parts of the downburst lifecycle. Given sufficient 565 data it would be relatively easy to address this issue, although the experiments 566 themselves would not be straight forward to undertake. 567  The full motion of the secondary vortex relative to the primary vortex is not modelled 568 (some previous numerical work indicates a lifting of this vortex as it rolls around the 569 primary); again, this is of more importance later in the vortex development, after the 570 peak wind speeds have occurred, and is arguably of much lesser engineering 571 importance if, for example, it is only the wind induced forces on a structure that are of 572 concern. 573  The near ground behaviour (heights <10m) is not accurately described by the model 574 due to its inviscid nature. However, to the authors' knowledge there are currently no 575 data available for the boundary layer development of downburst flow in this region. 576
As such data become available a model to describe the flow in this region could easily 577 be incorporated as a separate flow regime, where ground effects dominate the vortex 578 flow field. 579  Further validation of the full flow field and the spatio-temporal variation of circulation 580 and vortex structure is required. To this point the model has been validated against a 581 single (albeit advanced) physical simulation of a transient, non-translating downburst. 582
While further validation against other simulation data sets is possible, the physical 583 simulations used for the validation are known to be consistent with the available data 584 from other simulations. Of potentially more value will be future validation against 585 detailed full-scale downburst data of the type currently being gathered at other 586 institutions. 587
Notwithstanding the above simplifications, the results are rather remarkable and offer, for the 588 first time, a computationally inexpensive tool which could be incorporated into a framework of 589 the type proposed by [23] , thereby informing the design process. 590
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